The degeneration and destruction of femoral articular cartilage shows a greater degree of deterioration than that of the tibial and patellar articular cartilage in early stage knee osteoarthritis: A cross-sectional study
Introduction 33
Osteoarthritis (OA) is an age-related progressive joint disease, which induces pain, significant 34 functional impairment, a loss of mobility and a diminished activity in daily life 1, 2 . As the 35 prevalence of this disease is gradually increasing due to the increasing longevity of the 36 population, OA is therefore now becoming an important public health concern 3 . As there are no 37 current interventions proven to restore cartilage or curtail the disease processes, and we cannot 38 inhibit the progression of this disease by any methods, such as medication, the only treatment 39 methods currently available for knee OA is symptom-modifying treatment, while no 40 disease-modifying treatment yet exists for knee OA 4 . 41 OA is primarily induced by the degeneration of articular cartilage, which is initiated by a loss 42 of proteoglycan (PG) and an increase in water content, followed by a loss of type II collagen 43 and a change in collagen fiber orientation. The progressive loss of hyaline cartilage is one of the 44 hallmark of the destruction of OA. The subchondral bone and synovium, in addition to articular 45 cartilage, are also involved in this aspect of OA progression, although the changes of these 46 tissues are considered to be a secondary phenomenon that is induced by the primary changes 5, 6 9 0.1-mm graduated magnifying lens 12, 15, 16 . The FTA was measured using goniometer on 116 standing, as well as extended and antero-posterior view radiographs. All radiographs were 117 quantified independently by two readers (SH and RS) who were blinded to the baseline 118 characteristics of the patients. 119 120
MRI-based evaluation of knee OA 121
All patients showed either K/L grade 0, 1 or 2, and were also examined with the MAGNETOM 122 Symphony syngo MR 3.0-Tesla MRI system (Siemens Medical Solutions, Erlangen, Germany) 123 using sagittal and coronal two-dimensional (2D) fat-suppressed (FS) and T2-weighted image 124 fast spin-echo (FSE) sequences (TR: 5000 ms, TE: 70 ms, FOV:160 mm, matrix: 384 × 307, 125 slice thickness: 3 mm, turbo-factor: 17, flip-angle: 150, scan time: 3'00'') with an 8-channel 126 integrated Parallel Acquisition Technique (iPAT) knee coil. A positioning device for the ankle 127 and knee was used to ensure uniformity between the patients. The diagnosis of knee OA for the 128 subjects was made using the 3TMRI findings according to the previously reported method 13 . 129 The compartments of the knee joint were divided into 14 subdivisions; three regions [anterior 130 (a), central (b), and posterior (c)] of the medial and lateral femur (MF and LF) and tibial 131 plateaus (MTP and LTP), and two regions (medial and lateral) of the patella (MP and 132 LP) (Figure 1) 17 . To conduct the present study, we defined that the femoral groove articular 133 10 surface (G), which consists of MFa and LFa, comes in contact with the patellar articular surface 134 (P), which consists of MP and LP, and the femoral condyle articular surface (FC) 
Data Analysis 178
The paired t-test was used to compare either T2 values or WORMS scores between femoral 179 articular cartilage and either the confronting tibial or patellar articular cartilage. The odds ratios 180 (ORs) for whether the WORMS cartilage-and osteophyte-scores of the femoral components 181 were higher than those of the tibial or patellar components were also calculated. A p-value < 182 0.05 was considered to be statistically significant. All analyses were performed using the SPSS 
Patient characteristics 187
Fifty-six patients were initially enrolled. As six of the fifty-six patients (10.7%) were excluded 188 since they did not meet the study criteria, the remaining 50 patients were included in the data 189
analysis. 190
The patients were 57 years old age on average, and there was a slight female dominance (54%) 191 (Table 1) (Table 2) . However, in the PFJ, the T2 values of G in patients with early stage knee OA were 206 significantly increased in comparison to those of G in the control, while the T2 values of P in 207 patients were significantly decreased in comparison to those of P in the control (Table 2) . 208 Similarly, in the TFJ, the T2 values in the FC in patients with early stage knee OA were 209 significantly increased in comparison to those in control, while no significant differences in the 210 T2 values of TP were observed between the patients and the control ( Table 2 ). The differences 211 in the T2 values between femoral articular cartilage and both patellar (∆G-P) and tibial articular 212 cartilage (∆FC-TP) in patients with early stage knee OA were significantly increased in 213 comparison to those in the control (Table 2) . When PFJ and TFJ were further divided into two 214 sub-groups (MFa and MP and LFa and LP for PFJ, MFC and MTP and LFC and LTP for TFJ), 215 the same phenomenon regarding the differences in the T2 values was observed (Table 2) . 216 
217
Comparison of WORMS scores between the femoral articular cartilage and the either 218 tibial articular cartilage in the FTJ or the patellar articular cartilage in the PFJ 219 The morphological changes in the joint in patients with early stage knee OA were evaluated by 220 WORMS. Among the eight established pathological changes associated with OA, both cartilage 221 lesions and osteophytes were observed in all patients evaluated in the study (Table 3) , the 222 15 pathological severity of these two changes were compared between the femoral-and the 223 patellar-or tibial-articular cartilage. The WORMS cartilage scores of the femoral articular 224 cartilage were significantly higher than those in the patellar-and tibial-articular cartilage ( Table  225 4). When the PFJ and TFJ were further divided into two sub-groups in terms of the medial and 226 lateral compartments in the knee joint, these phenomena of the WORMS cartilage scores were 227 observed in the medial side of PFJ and on both sides of TFJ (Table 4 ). The OR for higher 228 WORMS cartilage scores of femoral articular cartilage than those of the patellar articular 229 cartilage in the patients was 2.1 (1.1-3.9, p=0.013). The OR for higher WORMS cartilage scores 230 of femoral articular cartilage than those of the tibial articular cartilage in the patients was 3.6 231 (95%CI; 1.8-6.9, p<0.0001). 232 The WORMS osteophyte scores of the femoral articular cartilage were significantly higher 233 than those of the both the patellar-and tibial-articular cartilage (Table 4) . When the PFJ and 234 TFJ were further divided into two sub-groups in terms of the medial and lateral compartments in 235 the knee joint, these phenomena of the WORMS ostephyte scores were observed in the medial 236 side of the PFJ and on both sides of TFJ (Table 4) . No significant differences in the WORMS 237 osteophyte scores were observed between the femoral-and the confronting patellar-articular 238 cartilage in the patients [OR: 1.5 (0.9-2.6), p=0.16]. The OR for higher WORMS osteophyte 239 scores of the femoral articular cartilage than that of the tibial articular cartilage in the patients 240
Discussion 243
The present study has revealed, for the first time, that the degenerative changes, detected by T2 244 mapping on MRI, and the morphological changes, detected by a WORMS analysis on MRI, of 245 the femoral articular cartilage showed a greater degree of deterioration than those of both the 246 tibial-and patellar-articular cartilage in the patients with early stage knee OA. This is 247 considered to be unique and important information for obtaining a better understanding the 248 disease processes, which has never previously been elucidated using classical radiographs. cartilage in healthy subjects 21 . Therefore, the phenomena observed in the current study are 262 therefore considered to be related to those that occur due to knee OA. 263 It is well known that the signal intensity of the short TE sequence changes as a result of MRI-based OA changes, in addition to the patients with early stage knee OA, and found that 272 there were differences in the T2 values between the femoral and tibial articular cartilage. 273 A previous study using 3.0T MRI reported by Eckstein et al. measured the thickness of both 274 the femoral-and tibial-articular cartilage 24 . Although no statistical analysis was conducted, the 275 loss of the medial femoral articular cartilage was greater than that of the medial tibial articular 276 cartilage in patients with K/L grade 2 and 3. In addition, the central subregions of both the 277 medial femoral-and tibial-articular cartilage showed a greater degree of deterioration than the 278 19 other subregions in these patients 24 . The results of that study are thus considered to support 279 those of the current study. 280 In the initial phase of OA, morphologic changes of the articular cartilage usually occur after 281 the biochemical alterations of the extracellular matrix. The highly structured collagen fibers 282 become loosened by the degeneration of the articular cartilage and then transform into a random 283 configuration. Structural changes of the cartilage matrix result in increased tissue stiffness, 284 increased permeability and damage to the surrounding tissues. These alterations include a 285 progressive increase in the subchondral plate thickness, alterations in the architecture of the 286 subchondral trabecular bone and the formation of new bone at the joint margins (osteophytes), 287 which is associated with vascular invasion of the calcified cartilage. These biomechanical 288 changes to the joint also induce histological changes due to bone remodeling and, subsequently, 289 induce structural joint changes 25 . 290 The present study elucidated the spatial differences in the degenerative and structural articular 291 cartilage changes in both FTJ and PFJ. Two possible reasons for this have been speculated. One 292 is due to the difference in the articular cartilage thickness between the femur and tibia or patella. 293 In cadaveric studies, the femoral articular cartilage was thinner than the tibial and patellar 294 articular cartilage. The thickness of the femoral articular cartilage was 2.5 mm on average, 295 while that of the patellar articular cartilage was 4.5 mm on average 25 . A similar result was 296 20 shown in a study of a younger population (30 years of age on average) 26 . Another possibility, 297 which is supported by the findings of several studies, is described below. The tibial cartilage 298 deformation was observed with MRI and found to be significantly higher than that of the 299 femoral cartilage after impact loading exercise (jumping from 40 cm height) 27 . The cartilage 300 deformations by the compression and shear mechanical stresses were asymmetric between the 301 femoral-and tibial-articular cartilage findings observed in a cadaveric study. The deformation 302 ability of the tibial articular cartilage was markedly higher than that of the femoral articular 303 cartilage 20 . A cadaveric study utilized a micro-scale cartilage-on-cartilage testing system to 304 elucidate cartilage strain during femoral-tibial articulation as well as the mechanical properties 305 of the femoral and tibial articular cartilages, and, as a result, the femoral articular cartilage was 306 found to be stiffer in compression and shear than the tibial articular cartilage 28 . The mechanical 307 stress to the cells regulates, in part, the cell metabolism and matrix synthesis. Differences in cell 308 deformation in response to mechanical stress may therefore reflect differences in the cell 309 characteristics, which maintain homeostasis by regulating the metabolic and cellular 310 responses 28 . These microenvironmental cellar and molecular changes in the articular cartilage 311 may thus later lead to OA changes in the joint. Although various mechanisms may play a role in 312 such changes, these previous studies suggest that the femoral articular cartilage may be thinner 313 and more fragile in response to mechanical stress than both tibial-and patellar-articular 314 21 cartilage. 315 Age is a recognized risk factor for the development of OA, and there are age-dependent 316 differences in both the morphology and T2 values of the patellar articular cartilage in 317 asymptomatic females 29 . In the current study, the healthy control subjects included relatively 318 young (twenties) individuals compared to the OA patients in order to account for the MAE of 319 the femoral articular cartilage. Therefore, although there may be age-dependent differences in 320 the T2 values of the articular cartilage, the current study focused on whether degenerative 321 and/or morphological changes occur equally between the femoral and tibial or patellar articular 322 cartilage in the setting of early stage knee OA. Therefore, the "healthy" control group was 323 selected from the relatively young population "with healthy cartilage" in the current study. 324 The current study is associated with some limitations. Extended view radiographs were used to 325 evaluate the severity of OA in the current study. This might have led to an underestimation of 326 the severity of OA, and should be used for the standing fixed flexion view 30 . MRI was 327 conducted without taking the recent loading or unloading conditions of the patients into 328
consideration. Therefore, we cannot exclude the possibility that some mechanical stress recently 329 experienced by the patients prior to undergoing these examinations may have affected the T2 330 values of the articular cartilage. The current study did not use any other MRI techniques, such 331 as dGEMRIC (delayed gadolinium-enhanced MRI of cartilage) or T1rho, which are also useful 332 22 diagnostic modalities for investigating any the changes in the extracellular matrix of the 333 articular cartilage during OA progression. 334
In conclusion, the early stage OA-induced degenerative and morphological changes between 335 the femoral-and the confronting tibial-or patellar-sides within the knee join were not the same. 336 Namely, the degradation and destruction of the femoral articular cartilage showed a greater 337 degree of deterioration than those of the tibial-and patellar-articular cartilage in the Figure 1 . 359 Fourteen subdivisions of the knee joint evaluated in the study. 360 The compartments of the knee joint were divided into 14 subdivisions, as defined in WORMS. 361 The femoral groove articular surface (G), which consists of medial and lateral anterior condyles Table 3 . 382 The frequencies of the MRI-detected structural changes in the knee joint of the patients with Table 1 . 393 The characteristics of the non-knee OA controls 394 n 19
Age (years) 25 (2.4) BMI (kg/cm 2 ) 20.8 (2.1)
The data are the means (S.D.). BMI: body mass index 395 396
